The results of an interpretation of aeromagnetic anomalies over the Lower and Middle Benue Trough of Nigeria are presented. Twodimensional interpretation of the anomalies shows that the anomalies are best interpreted in terms of basic intrusive bodies occurring either within the Cretaceous sediments or within the metamorphic basement or both. The model suggests that the intrusive bodies are of variable thickness and magnetization polarity, and may have been emplaced during different epochs of polarity. The model is in good agreement with interpretations of gravity and magnetic anomalies over similar structures elsewhere in the world.
Introduction
The Benue Trough of Nigeria is an elongated trough of subsidence which trends northeasterly to attain an approximate length of 8 0 0 k m . It has a width of 130-150km and is filled with Cretaceous sediments whose ages range from Middle Albian t o Maestrichtian (Fig. 1) . Their thickness varies from about 6 km in the Lower Benue to about 5 km in the Upper Benue. The trough is characterized by a series of folds that are long and narrow with a predominantly ENE-WSW axis and there is a narrow zone of lead-zinc mineralization running from Abakaliki to Zurak. The trough axis is further characterized b y the presence of numerous mafic and felsic intrusives and basaltic lavas (Olade 1978; Adighije 1981b; Uzuakpunwa 1974; Nwachukwu 1972) . Bordering the sediments in the Benue Trough on either side are granites and gneisses which make up the crystalline basement. The basement within the trough is invaded by numerous intrusive bodies whose sizes range from massive granitic bodies to thin dyke-like bodies that may unite t o form massive structures (Oyawoye 1972) . A detailed review of the known geology o f the Lower and Middle Benue Trough is being published elsewhere (Ofoegbu 1984) .
Geology of the Benue Trough Region
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E e n d e -
Published results of gravity studies o n the Benue Trough are due to Cratchley & Jones (1965), Adighije (1979 Adighije ( , 1981a , Artsybashev & Kogbe (1975) and Ajayi & Ajakaiye (1981) . These authors have reported a central axial positive anomaly, flanked on either side b y elongated negative anomalies.
From a consideration of the available geological information and the gravity data, most of these authors (Cratchley & Jones 1965; Adighije 1981b; Ajayi & Ajakaiye 1981) interpreted the central positive anomaly over the Benue Trough in terms of the combined effect of (a) a zone of basic to intermediate intrusions occurring either within the basement o r within the sedimentary basin, (b) a shallow basement and a thin crust as an approximate compensation for topography and the sedimentary basin. Local positive anomalies were also interpreted as being due to the numerous minor intrusions which abound within the trough. The flanking negative anomalies were interpreted as being due t o increased thickness of Cretaceous sediments averaging about 5000m in the Upper Benue and 4 0 0 0 m in the Middle Benue.
Artsybashev & Kogbe (1 975) interpreted the central regional positive anomaly recorded by Cratchley and Jones (1965) as being due t o a shallowing of 10-12 km o f the Moho, the result o f contemporaneous stretching and thinning o f the crust under the trough. The depth t o the Moho beneath the trough as computed by Artsybashev & Kogbe varies from 22-27 km in the north to 31-37km in the south. Their estimate of the rise in Moho, however, is probably too large because of the unrealistically small density contrast of 0.17 g cm-3 which they assumed between crust and mantle (Adighije 1979) .
A number o f reconnaissance magnetic measurements have been carried out by different authors although none of these was interpreted in any detail or published (Cratchley & Jones, private communication) , In 1958, Cole interpreted a negative magnetic anomaly about 9 km SE of Shendani (Fig. 1 ) in terms of a southerly dipping dyke-like body approximately 2 k m wide and of a basic composition which could be related to a volcanic centre beneath Shemanker postulated by Cratchley & Jones (1965) . A few ground magnetic traverses were carried out across the trough by Cratchley and Jones (Cratchley, private communication) while working on the geology and gravity field and these showed no appreciable magnetic variation. Some variations of ? 100 gamma across Awe were explained in terms o f relatively thin basalt flows and small cones (Cratchley & Jones 1965) .
A reconnaissance aeromagnetic survey was carried out in 1965 along 8500 miles of flight lines by geophysicists o f the Canadian Ministry o f Mines and Technical Surveys under the supervision o f Mr Alan Gregory, over most o f the basement rocks of Nigeria and parts of the Benue Trough. The results of this survey were correlated with the regional geology but this was not published (Cratchley, private communication) . In addition t o these are the study of local magnetic anomalies carried out by other workers (Osazuwa 1978; Myada 1979 ). The present magnetic study therefore appears to be the first attempt at interpreting in any detail the magnetic anomalies over the Benue Trough in terms of the known geology of the region.
Description of anomalies and discussion of trends
The data used in the present project were in the form o f aeromagnetic maps which were kindly provided by the Geological Survey o f Nigeria, Kaduna. Sixty-four 1: 100000 sheets o f the Aeromagnetic Map o f Nigeria were used in the present study. These have been put together to produce the aeromagnetic map o f Fig. 2 .
An analysis and description o f regions o f low and high amplitudes o f magnetic anomalies however, showed that (a) the basement area surrounding the Benue Trough is characterized b y a complicated distribution of short-wavelength anomalies, (b) the basement-Cretaceous contact can be roughly identified with a sequence o f magnetic lows except in the area around the town o f Donga (Figs 1 and 2) where the sequence of lows is about 15 km south o f the contact as shown o n the geological map, (c) the belts of magnetic lows and highs alternately distributed over the Cretaceous trough are not continuous but exist as elongated separate anomalies, and jd) the belts of magnetic highs and lows have trends subparallel t o the trend o f the trough.
Cratchley & Jones (19651, from an analysis of the distribution of gravity anonlalies had observed a difference between the basement-Cretaceous contact on the Geological Map and the contact obtained from the gravity analysis in the area of Sough of Wukari (Fig. 1) . They considered that the actual basement-basin contact may be further south towards Donga, in agreement with the present analysis of magnetic anomalies. A similar conclusion was drawn b y Alan Gregory in 1966 from a preliminary study of a reconnaissance aeromagnetic survey (Cratchley, private communication) . The existence of a consistent sequence of magnetic and gravity anomalies which characterize the basement-Cretaceous contact suggests the probable existence of a faulted contact. This faulted contact may have been masked by an overstepping of the fault by Cretaceous sediments filling the trough.
Interpretation of magnetic anomalies
Several aeromagnetic profiles have been taken along the Benue Trough (Fig. 2) and interpreted in terms of 2-D structures. The length of these profiles varied according t o their position along the trough. These profiles are also shown in Fig. 1 . 
(a) A N A L Y S I S O F D A T A
Methods of magnetic interpretation used t o analyse the data included the linear inverse methods, non-linear optimization techniques, pseudo-gravity transformation, and inter active techniques (Ofoegbu 1982a; Westbrook 1980) . The use o f non-linear Optimization was restricted t o the modelling of dykes and plugs and the interpretation of some of the profiles in terms of models requiring not more than three separate bodies and a total of 18 body points. It was, however, found that most of the interpreted profiles could only be explained in terms o f several different bodies and the use of non-linear optimization techniques in their interpretation was very time consuming. More use was therefore made o f the interactive techniques.
The interpretation o f the aeromagnetic profiles in terms o f deep sources was complicated by the presence o f short-wavelength anomalies. This particularly applied t o the profiles taken across the Middle Benue Trough. To filter off these short-wavelength anomalies, most o f the profiles were upward continued. The height to which the profiles were upward continued varied from profile t o profile depending on the degree of complexity. These heights have been allowed for during the interpretation of the profiles.
(b) L I M I T A T I O N S O N I N T E R P R E T A T I O N
A major limitation was the absence of sufficiently detailed geological information. The gravity studies o f Cratchley & Jones (1965) , Adighije (1981a, b) and others were useful in estimating depths t o the basement at different portions o f the trough.
Although some o f the observed aeromagnetic anomalies are not truly 2-D, interpretat:on has been carried out in terms of 2-D structures in view of the large area covered and difficulties involved in the modelling of several 3-D bodies to explain a single profile. This use o f 2-D structures to explain the observed anomalies might marginally affect the depth estimates made in the present study.
No known palaeomagnetic studies have been carried out in the area when this work was done. For most models, it was, therefore, decided to constrain the directions o f magnetization to the present direction o f the Earth's field, which in Nigeria, has an inclination of about -7.5" and a declination o f -7.4" as recorded at Ibadan in 1975 (ZGS Geomagnetic   Bulletin, 10, 1979) . The position of Nigeria has not changed much from its palaeolatitude in Cretaceous times. Although some shift has been suggested, any such deviation hardly exceeds 10-1 5" (D. H. Tarling, private communication) and the assumption o f directions of magnetization closely parallel or against the present-day's field direction is likely to be a fairly valid one.
(C) I N T E R P R E T A T I O N O F M A G N E T I C A N O M A L I E S I N T E R M S O F B A S E M E N T T O P O G R A P H Y
The first attempt at interpreting the magnetic anomalies over the Lower and Middle Benue Trough was based on the assumption that the anomalies can be interpreted strictly in terms of the underlying metamorphic basement. An attempt was made t o explain the observed anomalies in terms o f uniformly magnetized metamorphic basement o f variable topography. It was found that the observed profiles could not be satisfactorily explained solely in terms of topographic variations o f the underlying basement. Such an interpretation leads to a basement having too high a magnetization, too thick a sedimentary sequence in some regions, and outcrops o f the basement not in agreement with the known geology of the trough. To illustrate this, results obtained for the profile MB4 (Figs 1 and 2 ) is here discussed. Fig. 3 shows a possible interpretation of profile MB4 in terms of a basement of variable topography. The model gives a reasonably good fit between the observed and computed anomalies with the ends of the model corresponding closely to the expected basementCretaceous contacts. The minimum sediment thickness of about 4.10 km however, appears too great compared with known estimates in the area. Furthermore, t o obtain this fit between the observed and calculated anomalies requires a basement outcrop not in agreement with the known geology o f the area. An attempt to reduce the maximum thickness o f sedimentary rocks proved unsuccessful as this requied an increase in the area o f outcrop in the previous model (Fig. 3) .
Similar interpretation of other profiles across the trough in terms of the basement topography and sediment thickness also led t o a rather too highly magnetized basement and too thick a sedimentary sequence in places for the trough. For instance, a magnetization ranging from 1.31 to 2.5 A m-' was required t o account for the profile MB2 while magnetization in the range 1.28-2.3 A m-' was needed for different models required t o account for the profile MBl (Fig. 2) .
The conclusion drawn from this section is that although the variation in the basement could contribute t o the observed anomalies, such changes cannot in themselves fully account for the observed anomalies. The anomalies therefore, to some extent, must be due t o highly magnetic igneous bodies occurring over the width o f the trough. The observed profiles across the trough were consequently interpreted in terms of discrete intrusive bodies.
(d) I N T E R P R E T A T I O N O F M A G N E T I C A N O M A L I E S I N T E R M S O F I N T R U S I V E
The aeromagnetic profiles over the Lower and Middle Benue Trough have been interpreted in terms of basic intrusive bodies which may occur either within the Cretaceous rocks o r within the basement, or both. These intrusive bodies have variable thickness and are magnetized in directions close t o or opposite the direction of the present Earth's field. The best fitting models obtained for two profiles are shown in Figs 4 and 5. Fig. 4 shows possible model intrusive bodies at different depths and their magnetizations required t o account for the profile LB3 which is a NW-SE profile which passes through Imane, Odoba, Otukpa and Abakaliki (Figs 1 and 2) . The model intrusive bodies are thought t o be deep seated bodies with their t o p surfaces at depths ranging from 1.7 to 7.30km and magnetization values ranging from 0.61 t o 2.61 A m-l (Fig. 4) .
Possible models required to explain the profile MB3 in the Middle Benue Trough (Fig. 2) are shown in Fig. 5 . At 3.0km below the surface these bodies have magnetization in the range 1 .O-2.11 A m-' and at a depth of 8.0 km below the surface the magnetization of the model intrusive bodies lie between 2.7 and 3.5 A m-I. Results similar t o those described above were obtained for several other profiles across the Lower and Middle Benue Trough. For example, a minimum of five different intrusive bodies was required t o account fully for the anomaly profile MB2 (Fig. 2) . At a minimum possible depth of 3 0 0 m these bodies have magnetization ranging from 1.01 t o 2.31 A m-' and at a depth of 6.0km their magnetization values range from 2.32 to 3.10A m-'.
A closer look at the models required to explain most of the observed anomaly profiles in terms o f intrusive bodies reveals that most o f the models fit badly at the edges. This Distance Ikm) suggests that some variation in structure at the edge of the trough, such as a change in the height o f the basement, contributed to the anomalies. It is not thought, however, that the contribution o f such a change is very significant.
Discussion of results of interpretations
The results o f the interpretation described above suggest that the magnetic anomalies over the Lower and Middle Benue Trough cannot be fully accounted for in terms of the underlying basement. Although the underlying basement contributes to the anomalies. they are in the main accounted for by intrusive bodies existing beneath the trough. It was found that the magnetization of the bodies modelled here for all the profiles on the average lie between 1.5 and 3.4OA 1n-l although a few cases of magnetization below 1.OA m-l and above 4.0 A m-' were obtained. The bodies have an average width of about 10 km. These bodies may exist predominantly within the basement or within the sedimentary rocks. or both.
The model intrusive bodies may possibly extend to greater depths than shown in the plots, but without greatly affecting the conclusion drawn. They are probably of basic composition (gabbroic) because of their high magnetization.
The interpretation in terms of intrusive bodies can be justified from the available geological information on the trough. There is also a close agreement between the positioning of the central intrusive body modelled o n the basis o f gravity field by Cratchley &Jones (1965) and the intrusive bodies which characterize most of the interpretations presented in this paper. Adighije (1981b) has also explained the central positive gravity anomaly in terms of an intrusive body at depth in the crust which extends northwards for about 3 5 0 k m from Abakakliki. This intrusive body is probably o f gabbroic composition on account of its inferred density o f about 2.90g ~m -~. Ajayi & Ajakaiye (1981) have also suggested the existence of some igneous intrusive bodies within the Benue Trough (an example between Nassarawa and Lafia, density 2.73 g ~m -~, top at about 0.5 km). Support for the presence of basic intrusive bodies can also be found from the results of geophysical studies over various rift systems such as the Baikal Rift, the Rift Valley in Kenya and Rhine Graben (Zorin 1971 ; Zorin & Rogozhina 1978; Zorin 1981; Zorin, Lysak & Golubev 1975; Searle 1969 Searle , 1970 Bosum & Hahn 1967 , 1970 Roche & Wohlenberg 1970) .
Conclusion
Several conclusions can be drawn from the results of the present magnetic study. Although some of the observed anomalies could be attributed t o the basement underneath the Benue Trough, the magnetic anomalies could not be satisfactorily interpreted fully in terms o f a basement of variable topogi-aphy. Such an interpretation leads to a basement o f too high a magnetization, basement outcrops and too thick a sedimentary cover in places not in agreement with the known geology of the area. The results o f the present study suggest that the magnetic anomalies over the Lower and Middle Trough are in the main caused by sizeable intrusive bodies of basic composition which can either lie within the sedimentary rocks o r within the basement or both. The magnetic anomalies over the Lower and Middle Benue Trough are therefore due to the combined effect of a basement of variable thickness and topography and basic intrusive bodies.
Finally, the magnetic anomalies over the Lower and Middle Benue Trough are thought to arise from the existence o f a stretched continental crust underneath the trough. This stretched crust may have been differentially block faulted, with variable thickness o f sediments deposited on it and highly invaded with igneous intrusive bodies emplaced by magma iising up in the faults. The existence of these intrusive bodies and the stretched crust represent a thinning of the crust beneath the Benue Trough. Their existence also has obvious tectonic implications for the evolution of the Benue Trough and are thought t o be closely associated with the evolution of the Benue Trough (Ofoegbu 1982a, b ; Olade 1975) .
